Soil stores approximately twice as much carbon as the atmosphere and fluctuations in the size of the soil carbon pool directly influence climate conditions. We used the Nutrient Network global change experiment to examine how anthropogenic nutrient enrichment might influence grassland soil carbon storage at a global scale. In isolation, enrichment of nitrogen and phosphorous had minimal impacts on soil carbon storage. However, when these nutrients were added in combination with potassium and micronutrients, soil carbon stocks changed considerably, with an average increase of 0.04 KgCm À2 year À1 (standard deviation 0.18 KgCm À2 year À1 ). These effects did not correlate with changes in primary productivity, suggesting that soil carbon decomposition may have been restricted. Although nutrient enrichment caused soil carbon gains most dry, sandy regions, considerable absolute losses of soil carbon may occur in high-latitude regions that store the majority of the world's soil carbon. These mechanistic insights into the sensitivity of grassland carbon stocks to nutrient enrichment can facilitate biochemical modelling efforts to project carbon cycling under future climate scenarios.
INTRODUCTION
The majority of terrestrial carbon is stored in the soil. A massive flux of carbon enters the soil each year via the photosynthetic activity of plants. An approximately equivalent flux is then released from the soil via decomposition and respiration by soil organisms. If human activity alters the balance between carbon uptake and release, then it could drastically alter atmospheric carbon concentration and climate (Todd-Brown et al. 2013; Crowther et al. 2016) . Understanding how global change might alter this soil carbon balance (i.e. the difference in respiration vs. photosynthesis) is critical for constraining uncertainty in future climate projections (Bradford et al. 2016) . Along with anthropogenic changes to land use and climate, global nutrient enrichment of terrestrial soils is expected to be among the most important factors affecting this balance between respiratory losses and photosynthetic gains at a global scale (Knorr et al. 2005; Janssens et al. 2010; IPCC 2013; Todd-Brown et al. 2013; Crowther et al. 2015 ). Yet, the response of terrestrial carbon storage to increased nutrient enrichment remains unclear and this translates to considerable uncertainty in Earth System Model projections of future climate scenarios (Wieder et al. 2015a; Zaehle et al. 2015; Devaraju et al. 2016) .
The use of fertilizers and fossil fuels has drastically enhanced the supply of biologically reactive nitrogen (N) and phosphorus (P) in the soil over the past century (IPCC 2013) . Although effects of macronutrient deposition are highly variable across regions, large-scale synthesis efforts suggest that N and P enrichment generally stimulates primary productivity by alleviating nutrient limitations of plant growth (Fay et al. 2015; Yue et al. 2016 ) and broad-scale meta-analyses suggest that elevated nutrient supply tends to reduce the activity of microbial decomposers in soil (Knorr et al. 2005; Treseder 2008 ; Yue et al. 2016) . In combination, stimulated plant uptake and limited decomposition are expected to lead to additional carbon accumulation in soil over the rest of the century (Liu & Greaver 2010; Wieder et al. 2015b; Devaraju et al. 2016) . However, these effects are highly idiosyncratic across different regions and we lack consensus on the direction or magnitude of these nutrient effects at a global scale. As such the changes in net soil carbon balance under nutrient enrichment remain untested.
Nitrogen and phosphorous are by far the main focus of most nutrient enrichment experiments and biogeochemical models (Wieder et al. 2015b; Devaraju et al. 2016 ), but they are not the only macronutrients that are increasing under global change. A growing body of evidence highlights the importance of less-studied elemental nutrients such as potassium (K) (Fay et al. 2015) , the deposition of which is also increasing under global change (Wetherbee & Mast 2016) . Enhanced rates of desertification and weathering under changing climate and land use scenarios can lead to considerable increases in K enrichment through dust deposition across grassland biomes. Recent evidence suggests that K enrichment can enhance primary productivity across global grasslands, as plant growth is limited by the availability of multiple nutrients (Fay et al. 2015 ). Yet, it remains unclear whether these increases in plant growth translate to enhanced carbon accumulation in soil or if concurrent changes in belowground decomposition will mediate the ecosystem-scale responses. If soil carbon accumulation is constrained by the availability of multiple nutrients, then global change models that represent only the supply of individual elements (e.g., only N or P) are likely to underestimate the magnitude of future soil carbon changes.
Here, we use an internationally distributed global change experiment -NutNet (Borer et al. 2014 )to examine how enrichment by multiple nutrients affects soil carbon storage across a wide variety of biotic and abiotic conditions. For this analysis, we focus on grasslands, which are a critically endangered biome that accounts for approximately one-third of Earth's terrestrial net primary production (Fay et al. 2015) . Three nutrients (N, P and K plus micronutrients added alone and in combination) were added annually to 25 m 2 replicated plots in 25 field-scale nutrient enrichment experiments conducted across North America, Europe, Africa and Australasia (ranging from sub-Arctic to Medeterranian grasslands; Supporting Information). The K treatment included a micronutrient mix only in the first treatment year, to avoid micronutrient toxicity (thus K +l , hereafter). Nutrient addition rates in our experiment were similar to those added to many agricultural fields worldwide (see Methods). As such, these addition rates are higher than expected atmospheric deposition rates in many non-agricultural areas. This standardized nutrient enrichment has proved essential for isolating the effect of nutrient enrichment on grassland ecosystem functioning (Fay et al. 2015; Harpole et al. 2016) , allowing the identification of general patterns across ecosystems that vary considerably in other environmental conditions (Borer et al. 2014) . By measuring soil carbon stocks in the topsoils of these treatment plots and comparing them to standing carbon stocks in the ambient control plots at each site, we could evaluate how high-intensity nutrient enrichment changes affect soil carbon stocks across a wide range of grasslands.
MATERIALS AND METHODS

Overview and study design
Soils were collected from sites in the Nutrient Network (Fig. 1) , a distributed, coordinated research network designed to experimentally evaluate the effects of nutrient addition and herbivory on ecosystem processes in grasslands worldwide (Borer et al. 2014) . Participating sites are located across a range of climate and soil types and follow identical methods for experimental set-up, sampling and analysis. The Nutrient Network experimental set-up, sampling and sample analyses are described in detail in Borer et al. (2014) . Briefly, each site consists of 30 À 5 9 5 m plots, with treatments replicated across three blocks (randomized block design) at most sites. The experimental nutrient addition treatments -N, P and K plus micronutrients ( Fig. 1) are applied at the plot level in full factorial for a total of eight treatment combinations per block. At all sites, N, P and K are applied annually (10 g m À2 year À1 ) as time-released urea [(NH 2 ) 2 CO], triplesuper phosphate [Ca(H 2 PO 4 ) 2 ] and potassium sulphate [K 2 SO 4 ], respectively. Micronutrients (6 g Ca, 3 g Mg, 12 g S, 0.1 g B, 1 g Cu, 17 g Fe, 2.5 g Mn, 0.05 g Mo and 1 g Zn) were added with K only in year 1 to avoid possible micronutrient toxicity (Borer et al. 2014) .
For the present analysis, we used 25 sites spanning all continents except Antarctica. Each site contained replicated plots representing eight treatments (Control (C), Nitrogen (N), Phosphorous (P), Potassium and micronutrients (K +l ), Nitrogen + Phosphorous (NP), Nitrogen + Potassium (NK +l ), Phosphorous + Potassium (P K +l ) and the combination of all nutrients (NP K +l )). Consequently, the low number of replicates for any individual treatment at each site (n = 3) does not provide enough statistical power to detect treatment effects at any individual site(s). However, the entire Nutrient Network (with 560 plots that remained undisturbed after the entire study duration) provides a unique opportunity to explore the generalizable trends in grassland soil C responses to nutrient enrichment across broad spatial scales.
We measured soil carbon stocks in all plots. This enabled us to calculate the total difference in soil carbon, as well as the response ratio, which reflects the proportional changes in soil carbon stock in response to each experimental treatment (compared to the controls) over time. These differences in soil carbon stock represent the net annual changes in soil carbon uptake (through primary production) and release (decomposition) per year. We test the hypothesis that nutrient enrichment will stimulate soil carbon accumulation by comparing soil carbon storage in the upper soil horizon (top 10 cm) of control and treatment plots. Carbon accumulation can still be substantial below these depths, so our results do not reflect the total nutrient effects on total soil carbon stocks. However, given that this upper soil horizon represents the most biologically active component of soil and stores by far the greatest concentrations of soil carbon , nutrientinduced changes in soil carbon accumulation in the upper soil horizon can be indicative of the direction and magnitude of the net ecosystem response. We then explored the spatial variation in the sensitivity of soil carbon stocks to multiple nutrient enrichment in order to comprehend the net global sensitivity of grassland soil carbon stocks to nutrient enrichment over the short-term.
Sampling collection and analysis
After 2-4 years of experimental nutrient addition at least two 2.5 cm diameter and 10 cm deep soil cores were collected from random locations in each plot. Surficial plant litter was removed from the top of each core and the samples were homogenized, air-dried and analysed for total C and N by combustion (Costech ESC 4010 Total ANPP (gm À2 year À1 ) was estimated annually from clip samples of current year peak aboveground biomass from two 0.1 m2 quadrats per plot. Live roots were collected from soil cores. Samples were washed with deionized water to remove soil. Samples were dried to constant mass at 60°C and weighed to approximate total plant biomass. Plant biomass sampling methods are detailed in Borer et al. (2014) .
Other covariates
We supplemented the measurement data with site-level climate metrics (mean annual temperature and annual precipitation) 2014)). Eight nutrient treatments (Nitrogen (N), Phosphorous (P), Potassium (K), Nitrogen+Phosphorous (NP), Nitrogen+Potassium (NK), Phosphorous+Potassium (PK), Nitrogen+Phosphorous+Potassium (NPK) and Control (C) plots were replicated across each site. Panel 'c' reveals the 25 study locations where soil data were provided for this study. extracted from the WorldClim 2 database (Fick & Hijmans 2017) , potential evapotranspiration was extracted from the CGIARCSI database (Zomer et al. 2008 ) and edaphic characteristics (pH, soil texture and organic carbon stock) from the SoilGrids database (Hengl et al. 2014) . By correlating the proportional (response ratio) and total (absolute differences) changes in soil carbon stocks with these covariates, we could explore the environmental determinants of the general vitiation in soil carbon sensitivity to nutrient enrichment.
Data analysis
All statistical analyses were performed using R (R version 3.3.1; R Foundation for Statistical Computing 2013) aside from the spatial extrapolation of the results across the Northern Hemisphere, which was conducted using Google Earth Engine (Gorelick et al. 2017) . In order to evaluate the effects of experimental nutrient addition on soil C stocks, we tested the effects of N, P and K addition using ANOVA models, in which K and NPK +l were the only treatments that demonstrated statistical significance when models applied weights via the varPower() function (nlme package). Individual custom contrasts were then performed between each treatment effect and the control. The NPK +l treatment effect was the only treatment to show statistical significance during contrast assessment (z = 3.31; P < 0.001), though the K treatment showed a nearly significant response (z = 1.93; P = 0.05332).
We used mixed effects models to evaluate which environmental conditions were the best predictors of the variation in nutrient-induced changes in soil carbon stocks across landscapes. Separate models were constructed to explore the best predictors of changes in proportional (response ratios) changes and total (absolute differences) changes in soil carbon stocks. These models included predictors that address the hypothesized effects of climatic, biotic and edaphic factors on soil C stocks. Consequently, the following predictors were evaluated: mean annual temperature (MAT), mean annual precipitation (MAP), root biomass standing stock, ANPP, soil texture (% sand), soil pH, potential evapotranspiration and aboveground net primary productivity (ANPP). Predictors were included as fixed effects, while site identity was included as a random effect (mixed effects model; lme() function from the nlme package). The response variable (i.e., ratio of soil C content between treatment plots and control plots) was log-transformed to meet the normality assumptions of linear regression. Before running the models, Spearman correlation between variables was assessed using a heatmap. Stepwise refinement of predictor variables included only soil carbon, mean annual precipitation and sand content, which showed no collinearity across our sites (see Supplementary Information) .
Refinement of the linear models was performed using the stepAIC() function (MASS package), wherein various iterations of variable inclusion were performed while simultaneously assessing AIC values. For the soil carbon response ratio model, the final linear models with the lowest AIC values included sand content and mean annual precipitation as covariates. For the total soil carbon response model, the only remaining covariates were soil carbon stock and sand content.
Model validation was performed following Zuur et al. (2009) and none of the residual plots showed heteroscedasticity. By extrapolating these linear models across the Northern Hemisphere (where the vast majority of our data originate from), using global models of soil texture, carbon content (Hengl et al. 2017 ) and precipitation (Fick & Hijmans 2017) , we are able to visualize the general trends in these relationships across space.
All detailed methods and code can be found in supplementary material.
RESULTS
Treatment effects in experimental plots
The effects of nutrient enrichment on soil carbon storage were highly variable, with positive, negative and neutral impacts of all nutrient treatments observed in different regions (Fig. 2 ). However, the study 'site' strongly influenced the directional effects of the different treatments (there was a strong effect of study 'site' on the effect of nutrient enrichment). As such, in regions where N enrichment caused increases in soil carbon content, P enrichment was also likely to drive the same direction of effects. Given that each site was only represented by 2-3 replicates, we cannot have statistical confidence in the nutrient effects at any individual site. However, by combining data across all experimental sites (n = 560), we could identify consistent trends. As such, despite the strong effect of site, our overall analysis revealed that soil carbon storage varied considerably (P < 0.05) between the different nutrient treatments (see supplementary material for breakdown of all statistical results).
We found no consistent changes in grassland soil carbon storage under N (z = 1.04; P = 0.30) or P (z = 0.08; P = 0.94) enrichment alone or in combination (z = À0.32; P = 0.75, Fig. 2 ) after 2-4 years. For each of these treatments, effects varied considerably across sites, but there were no consistent directional changes. Although primary productivity in most of these sites was enhanced by N and P availability (Fay et al. 2015; Yue et al. 2016) , the observed increases in plant growth did not translate to consistent increases in soil carbon storage over this time period.
In contrast to N and P, the addition of K and micronutrients (alone and in combination with the macronutrients) caused notable increases in soil carbon storage across our sites. In isolation, K +l enrichment trended towards an overall positive (z = 1.93; P = 0.05, Fig. 2 ) effect on soil carbon storage, with a slightly higher probability of increased soil carbon storage relative to the controls. But when K +l , was added in combination with N and P, the full combination of nutrients significantly (z = 3.31; P < 0.001the 95% CI for the difference in soil carbon between control and NPK plots did not span zero) increased soil carbon storage across our sites. The mean increase in soil carbon across our sites was 0.04 KgCm À2 year À1 (AE 0.18 KgCm À2 year À1 Standard Deviation). However, this effect was characterized by considerable variability, with strong positive and negative effects at individual sites (Fig. 2b) . To minimize the possible influence of this intersite variability, we conducted a secondary validation model, excluding the sites with the three biggest soil C losses and the three biggest soil C gains (i.e. removing possible outliers at either extreme of the effects across sites). The overall effect of NPK enrichment across these sites remained significantly (z = 1.96, P = 0.05) positive. The overall mean effect remained unchanged, with NPK enrichment increasing soil C stocks by 0.04 KgCm À2 year À1 , with a standard deviation of 0.05 KgCm À2 year À1 . Yet, although sites were significantly (P < 0.05) more likely to experience slight gains in soil carbon under combined nutrient enrichment (i.e. the slope of the relationship between NPK and control treatments was positive; Fig. 1a ), this effect was still characterized by huge variation, with some regions experiencing losses of soil carbon under NPK enrichment. Exploring the environmental drivers of these differences can provide insights into which regions are more or less responsive to changes in combined nutrient enrichment.
Predicting the changes in soil carbon stocks under NPK+l enrichment across sites
To test whether the increases in soil carbon storage under combined nutrient treatment were driven by increases in plant productivity, we examined the relationship between the 'changes in soil carbon stocks' and the equivalent 'change in aboveground net primary productivity' in response to combined nutrient enrichment across the sites. Although both productivity and soil carbon storage generally increased across most sites, we found no correlation between the proportional (t = 1.61; P = 0.11; Fig. 3 ) or absolute (t = 0.51; P = 0.61; Figure 2 Overall changes in soil carbon stocks in response to nutrient enrichment. Plate 'a' shows the modelled mean differences in carbon stocks (derived from coefficients in the linear mixed effects model) in each treatment, compared to the control (the horizontal black line). Points indicate mean treatment effects across all sites and error bars indicate 95% confidence intervals. Stars indicate significance values (*** > 0.001; * > 0.05). Plate 'B' shows the mean site-level average changes in total soil carbon compared to the control for each nutrient treatment (indicated by different colours). This reveals the spread of effects across sites. Although the addition of K +l and NPK +l , generally increased soil carbon stocks, relative to the control, the range of effects varied from soil carbon gains to losses across sites.
Figure 3
The change in soil carbon stocks across sites was not correlated with the mean change in net primary productivity. Given that combined nutrient enrichment generally increased primary productivity across these sites (Fay et al. 2015) , we expected that the magnitude of the change in NPP might translate to the extent of the increase in soil carbon storage. However, there was no significant (P > 0.05) relationship between the proportional (a) or absolute (b) 'change in aboveground primary productivity' or the 'change in soil carbon stock' under combined nutrient enrichment across Nutrient Network sites. Fig. 3 ) changes in primary productivity and soil carbon stocks after 2-4 years of treatments. In fact, visual inspection of these relationships suggests that the changes in soil carbon stocks tended to be higher in regions where the vegetation response was minimal, although this negative relationship was not significant (P < 0.05; Fig. 3) .
Linear models were used to test which climate variables (mean annual temperature, mean annual precipitation and evapotranspiration) and soil characteristics (soil texture, pH and organic carbon stock) might explain the magnitude and direction of the changes in soil carbon stocks under NPK +l enrichment. Initial models were constructed to test the controls on the proportional (response ratio) changes in soil carbon stocks. Only soil texture (% sand) and Mean Annual Precipitation (MAP) were retained within the final model after our variable selection (See supplementary Information for full statistical details and code). Both had a similar directional influence on the nutrient effect on soil carbon stocks: the impacts of combined nutrient enrichment were greatest in regions with low levels of Mean Annual Precipitation (t = À1.37, P = 0.15) and a high percentage of sand in the soil (t = 2.08, P = 0.02) ( Fig. 4) .
We then used a second model to examine if these patterns in the proportional changes in soil carbon reflect the total changes in soil carbon stocks. Following model refinement, the signal of soil texture was still apparent across our sites, as % sand was retained in the final model (t = 1.46, P = 0.15). However, the initial size of the standing soil carbon stock in that location emerges as by far the strongest predictor. Specifically, the effect of nutrient enrichment becomes negatively correlated with increases in soil carbon stocks (t = À2.07, P = 0.04; Fig. 4 ). Even minor proportional changes caused considerable absolute changes in regions with larger standing soil carbon. As such, although most of the sites in our analysis generally experience increases in soil carbon under combined nutrient enrichment, total absolute losses were consistently observed in regions with high standing soil carbon stocks (Fig. 4) .
By extrapolating these linear relationships across the northern Hemisphere (where the vast majority of our data comes from), we can visualize the general linear trends in total and proportional changes in soil carbon stocks under strong nutrient enrichment. Generally, there was no clear latitudinal trend in the proportional soil carbon sensitivity to combined nutrient enrichment. The greatest changes detected were the considerable proportional increases in soil carbon in dry, sandy regions. However, the dominant role of standing soil carbon stock in determining the absolute carbon changes resulted in a strong latitudinal trend, with the largest carbon losses tending to occur in high-latitude regions (i.e. regions which are dominated by huge standing soil carbon stocks; Hengl et al. 2017; See Fig. 4 ).
DISCUSSION
Our study represents the first large-scale analysis of the initial (2-4 years) changes in soil carbon storage under combined nutrient enrichment. By focusing on differences in soil carbon stocks, we are able to detect the net changes in carbon storage that are a product of the differences in soil carbon inputs (net primary production) and release (decomposition). Although nutrient enrichment generally tended to increase soil carbon our grassland sites, these effects were highly variable across biogeographic regions, with considerable soil carbon losses occurring in regions with large standing soil carbon stocks. Our broad-scale approach enables us to see past the contrasting effects in specific regions so that we can identify the unifying mechanisms that drive the patterns in the sensitivity of grassland soil carbon stocks to nutrient enrichment.
In contrast to expectations from empirical (Knorr et al. 2005; Treseder 2008; Yue et al. 2016 ) and theoretical (Wieder et al. 2015b; Devaraju et al. 2016 ) research, we found no consistent changes in grassland soil carbon storage under N or P enrichment, alone or in combination. Although the growth of plants in most ecosystemsincluding these specific study locationsis generally limited by N and P availability (Fay et al. 2015; Yue et al. 2016) , increased primary production did not translate to consistent increases in soil carbon storage. The limited effects of N and P enrichment compared to previous analyses highlight the value of using total soil carbon stock as an indicator of the total soil carbon balance. Although previous analyses have generally focused on changes in short-term fluxes (photosynthesis and respiration) which can be highly responsive over short time periods, the total soil carbon balance is far less sensitive to such anthropogenic effects. It is possible that longerterm analyses may be necessary to detect the effects of these macronutrients, but the limited effects observed here suggest that total soil C stocks are less responsive to N and P enrichment than previously expected.
In contrast to the major macronutrients, the addition of K and micronutrients caused a marginal increase in soil carbon storage across our sites (Fig. 2a) . The generally positive effect of K +l on soil carbon accumulation is in keeping with the understanding that productivity in most soils (in particular arid soils) is strongly limited by the availability of K (Sardans & Peñuelas 2015) . Indeed, these results lend support to the findings of local scale studies highlighting that K enrichment has a stronger impact on soil carbon dynamics than the macronutrients N and P (Ochoa-Hueso et al. 2019). However, it was the full combination of nutrients (N, P and K +l ) that drove the most consistent changes, driving both increases and decreases in soil carbon across different sites (Fig. 1b) . Although gains and losses of soil carbon were observed, the mean site-level change was a gain of 0.04 KgCm À2 year À1 (Standard Deviation = 0.18 KgCm À2 year À1 ). By definition, co-limitation is synergistic when the ecosystem response to multiple nutrients is greater than the sum of the response to each nutrient added individually (Harpole et al. 2011) . Here, the positive and negative impacts of combined nutrient enrichment far outweighed the additive effects of the nutrients added in isolation, suggesting synergistic effects on soil carbon storage (Fig. 1b) . Thus, even if nutrient enrichment alleviates the N and P limitations on grassland productivity, changes in soil carbon accumulation are still likely to be constrained by the availability of K and micronutrients in many regions. This will have direct implications for biogeochemical model simulations of future soil carbon storage, most of which assume strong global impacts of N enrichment with little consideration of micronutrients (Wieder et al. 2015b ). Figure 4 General patterns in the sensitivity of soil carbon stocks to NPK enrichment. 3-D plots show the overall effects of the dominant environmental predictors of the direction and magnitude of the proportional (a) and total (b) changes in soil carbon under combined NPK enrichment. Associated maps reveal the general trends in these effects, as described in each of the linear models. Soil texture (% sand) and mean annual precipitation (mm) were the strongest predictors of changes in the proportional soil carbon stock, with the greatest increases occurring in dry, sandy regions (a). In contrast, soil carbon content and texture were the dominant drivers of the total soil carbon change, with considerable carbon losses occurring in regions with large standing soil carbon stocks (b).
The detected changes in soil carbon stocks are likely to be driven by changes in plant carbon inputs to soil, reductions in soil carbon decomposition or both. Identifying the relative importance of these processes can provide a mechanistic understanding of nutrient-induced soil carbon accumulation. To address this, we examined the extent to which changes in soil carbon storage could be explained by increases in plant productivity nutrient enrichment. Although primary productivity generally increased in response to combined nutrient enrichment (Fig 3b; Fay et al. 2015) , the 'change in net primary productivity' was not correlated with changes in soil carbon stocks (Fig. 3 ). This lack of correlation is surprising, given the expectation that increased soil carbon accumulation would be strongly driven by increases in plant carbon inputs. However, increased plant growth under nutrient enrichment does not necessarily translate to increased carbon losses into soil. These results suggest that the increases in soil carbon accumulation might be driven, at least in part, by reductions in soil carbon decomposition, as observed directly in many litter decomposition studies (Knorr et al. 2005) . Although increases in nutrientinduced changes in plant growth can enhance soil carbon inputs in some regions, a considerable proportion of the initial soil carbon increase under nutrient enrichment is likely to be driven by the suppressed activity of the soil decomposer community.
In order to generate a mechanistic understanding of which ecosystems are most sensitive to nutrient enrichment, we explored which environmental variables could explain the changes in soil carbon stocks to NPK +l enrichment across sites. Scaling theory in ecology describes how emergent patterns can arise from distinct and causative relationships operating at finer-scales (Levin 1992) . Therefore, based on the results from previous soil carbon analyses (Knorr et al. 2005; Treseder 2008; Crowther et al. 2015) , we expected that the soil carbon response to nutrient enrichment would be contingent upon climate and soil characteristics. Linear models revealed that soil texture (% sand) and Mean Annual Precipitation (MAP) had strong directional effects on the proportional changes in soil carbon stocks under nutrient enrichment. The proportional increases in soil carbon stocks were greatest in grasslands that are dominated by dry and coarse-textured soils (Fig. 4a ). These soils are often associated with long-term weathering and nutrient depletion. Increasing the availability of macro and micronutrients in these regions might be necessary for alleviating the nutrient limitations on plant growth and driving the build-up of soil organic carbon. In addition, increased plant growth might also increase the moisture limitations on the soil microbial community in dry soils, potentially reducing carbon losses through decomposition.
Although dry, sandy regions were proportionally the most sensitive to nutrient enrichment, the absolute annual changes were dominated by the size of the initial standing soil carbon stocks. Even tiny proportional carbon losses in regions with huge standing soil carbon stocks translate to considerable carbon changes under combined nutrient enrichment (Fig. 4) . Specifically, the total soil carbon response to combined nutrient enrichment correlated negatively with the size soil carbon stock. Therefore, although nutrient enrichment led to increased soil carbon storage in the majority of our study sites, carbon losses consistently occurred in regions with relatively high standing soil carbon. Visual extrapolation of this general relationship highlights that nutrient enrichment has the potential to drive soil carbon losses in many high-latitude Arctic and sub-Arctic regions, which are characterized by huge standing carbon stocks (Hengl et al. 2014) (Fig. 4b) . Given that the greatest proportion of the world's soil carbon exists in these high-latitude regions, these general trends reinforce the sensitivity of Arctic and sub-Arctic carbon storage to global change. Even though the majority of terrestrial soils is likely to experience proportional increases in soil carbon under combined nutrient enrichment, it is possible that these high-latitude regions might experience losses of soil carbon that could potentially outweigh the gains, leading to global soil carbon losses under nutrient enrichment. Validating this trend across a wider geographic range, including more high-latitude sites with high standing carbon stocks, will be critical for quantifying the contribution of these high-latitude carbon losses, relative to the carbon gains observed across the rest of the Northern Hemisphere. These preliminary global patterns of soil carbon sensitivity to combined nutrient enrichment provide valuable insights that improve our capacity to understand and predict the potential changes in the terrestrial carbon balance under global change.
Our analysis has a number of limitations that should be considered when interpreting the results. The relatively short timescale over which our analysis was conducted (2-4 years) means that these responses only reflect initial, short-term soil carbon responses to nutrient enrichment. Although soil carbon uptake and release are both highly dynamic processes , the full extent of changes in soil carbon stocks in response to global change drivers may require decades to be realized (Bradford et al. 2016 ). Yet, this level of nutrient enrichment has been shown to induce strong changes in soil carbon dynamics in short-term global change experimental studies (Liu & Greaver 2010; Crowther et al. 2015; Yue et al. 2016 ) and the magnitude of the NPK +l responses we present clearly highlights that nutrient enrichment has the capacity to alter the balance between grassland soil carbon uptake and release at a global scale. Most importantly, we stress that our results cannot accurately represent the magnitude of the potential changes in global soil carbon because the standardized nutrient addition rates do not reflect the highly variable deposition rates occurring across the globe. Instead, they provide mechanistic insights by highlighting that soil carbon changes are not likely to be driven by one or few macronutrients, but by a combination of nutrients that will act synergistically under global change scenarios. Finally, as with all global experiments, the limited geographic distribution of study sites, restricts our confidence in the spatial patterns in the effects of nutrients across terrestrial grasslands. Further research over longer-timescales will be necessary to evaluate the initial spatial patterns in soil carbon sensitivity that we describe here.
CONCLUSIONS
Our analysis provides a global perspective on the sensitivity of grassland soil carbon stocks to nutrient enrichment. In contrast to expectations, N and P enrichment alone had minimal impacts on soil carbon storage across global grasslands after 2-4 years. Yet, as with primary productivity (Fay et al. 2015) , the accumulation of carbon in soil appears to be constrained by multiple nutrients; the addition of K and micronutrients in combination with N and P had considerable effects on soil carbon storage, with proportional increases in soil carbon storage across most sites in this study. Thus, even if nutrient enrichment alleviates the N and P limitation of grasslands, the accumulation of carbon in soil may still be limited by the availability of micronutrients in many regions. The large-scale collaborative empirical approach enables us to elucidate the regional patterns in this soil carbon response, revealing that nutrient enrichment might lead to the largest proportional increases of carbon in the world's dry, sandy soils. However, soil carbon losses were found in high-latitude sites with large standing soil carbon. Given that the majority of the world's soil carbon exists in high-latitude Arctic and sub-Arctic regions, absolute losses of soil carbon in these regions might potentially outweigh the gains at lower latitudes. This highlights the vulnerability of global carbon stocks to combined nutrient enrichment at a global scale. Given the devastating impacts that this nutrient enrichment generally has on local biodiversity and ecosystem functioning, these results reinforce the negative effects of fertilizers on terrestrial ecosystems around the world, as global carbon losses could accelerate the rate of climate change. But this information can help us to improve our mechanistic understanding of the terrestrial carbon balance as anthropogenic nutrient enrichment increases under future global change scenarios. Evaluating and building on this spatially explicit understanding will be necessary to comprehend the net global soil carbon response to nutrient enrichment, which will ultimately be valuable for benchmarking and parameterizing modeling efforts that aim to predict the changes in carbon cycling under global change scenarios.
